AraA is the structural gene for arabinose isomerase. Phage lysozyme is coded by gene R. The indicated directions of transcription are based on the work of Taylor et al. (1967) and Englesberg et al. (1969) . The orientation of the arabinose operon was determined by Gottesman and Beckwith (1969) .
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phage genes and by electron microscopy of heteroduplexes (Westmoreland et al., 1969) in collaboration with Ron Davis and will be published elsewhere. The order of the arabinose genes within the phage was determined by Gottesman and Beckwith (1969) , and is such that the arabinoseinduced transcription of the operon is in the same direction as transcription of the phage late genes (Taylor et al., 1967) .
The original arabinose transducing phage was derived from r but for our work it was convenient to have several genetic markers from the closely related phage, ~. These were the heat inducibility of Clssv (Sussman and Jacob, 1962) and the lysis deficiency of $7 (Goldberg and Howe, 1969) . Both of these markers were crossed onto the arabinose transducing phage by making a r hybrid having these markers originating from on the right arm. The phage contains the entire arabinose operon and its positive controlling element, the C gene, since control of arabinose enzyme levels is normal. This was shown by constructing a single lysogen of the phage in a strain deleted of the arabinose operon ( Schleif, 1969a) . In the absence of arabinose, uninduced cells lysogenie for the ,~ara phage have the usual basal level of enzymes, but in the presence of arabinose this level is increased about 300-fold, the same ratio obtained after induction of the normal arabinose operon (Schleif, 1969b) .
POSITIVe, CONTROL OF ARAB~OSE E~Z~MES
B~-P~AGE GENE Q In an experiment to examine the possibility of escape synthesis (Epstein, 1967) of arabinose enzymes after induction of the phage, we found that these enzymes were made in unexpectedly large amounts. Since the arabinose genes have the same transcription orientation as the phage late genes, we conjectured that the high rate of synthesis could be a result of read-through from phage late genes. We proved that this was the case by providing the diffusible Q product to the prophage under conditions where the prophage was not allowed to replicate. In this situation the Q product turns on synthesis of prophage late genes and it also turns on synthesis of the arabinose enzymes! This was done by infecting the cells SCHLEIF AND GREEbIBLATT lysogenic for the arabinose prophage with the heteroimmune phages 2hyi4a4Q + (Kaiser and Jacob, 1957) and 2hyi434Q~,501 (made by Ira Herskowitz). In this situation the superinfecting heteroimmune phage replicates and turns on its late genes normally. The resident prophage does not replicate, although its late genes are turned on by the diffusible Q gene product of the incoming phage (Thomas and Bertani, 1964; Dambly et al., 1968; Green et al., 1967) . Prophage arabinose enzymes were synthesized at a rate ten times their normal basal rate following infection by the Q+ phage, but were not detectably induced by the Q-phage. This result shows that Q product or some late protein under its control is responsible for phagemediated turn-on of arabinose enzymes. The possibility that the arabinose genes are induced by direct action of phage Q product on the arabinose operator was excluded by repeating the experiment with host cells lacking the ~ara prophage but containing a normal arabinose operon. Following 2hyi 434 infection of this strain there was no synthesis of arabinose enzymes above the normal basal rate. Taken together, these experiments show that the arabinose genes of the Xara phage are under control of the phage Q product and that Q gene action requires physical linkage between phage and arabinose genes.
KINETICS OF ARABI:NOSE ISOMERASE AND
~ttAGE LYSOZYME APPEARANCE AFTER PHAGE INDUCTION After heat induction of the 2ara phage, lysozyme begins to appear at 10 min and arabinose isomerase at 15 min. This is shown in Fig. 2 where it can be seen that the synthesis of both enzymes is approximately linear with time for at least 45 min. As shown in the figure, the absolute rates of synthesis of the enzymes are nearly equal, resulting in a total of about 104 monomers per cell 45 min after induction. There are, however, several uncertainties in calculating these numbers. The number of isomerase monomers is based on the specific activity of the well-characterized enzyme (Patrick and Lee, 1968) , but the lysozyme assay (Jacob et al., 1957) had to be calibrated using as a standard value the 60,000 molecules per cell estimated by Black and Hogness (1969) to exist at the time of lysis after induction of a wild-type ~. Thus the numbers of monomers synthesized are most likely equal within a factor of three. Figure 2 shows a delay of 5 min between the times of appearance of lysozyme and arabinose isomerase. The delay in the appearance of isomerase does not result from a lag between the synthesis of the polypeptide chain and the appearance of enzymatic activity. This is shown first by the fact Minutes after induction of phage FIGURE 2. Kinetics of arabinose isomerase and phage lysozyme production after heat induction of the ~ara phage. A single lysogen of ~ara was grown in rich medium to a cell density of 3 X 108 per ml. The temperature was shifted to 42 ~ for 10 min and then to 34 ~ for the remainder of the experiment, with constant shaking maintained in a water bath. At the indicated times 6 ml samples were taken and quickly chilled. Fifteen min after beginning induction rifampicin was added to a parallel flask to a final concentration of 80 Fg/ml. At the end of the experiment, 1 ml samples were sonicated and assayed for phage lysozyme by the procedure of Jacob et al. (1957) , using as substrate the E. coli K12 strain C600. The remaining 5 ml were concentrated tenfold by eentrifugation and assayed for arabinose isomerase according to the procedure of Sehleif (1969a). Open symbols: enzyme assays after addition of rifampicin.
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Cold Spring Harbor Laboratory on December 15, 2017 -Published by symposium.cshlp.org Downloaded from that measurable arabinose isomerase activity can be detected less than 2.5 rain after arabinose induction of the operon. Second, inhibiting protein synthesis by addition of chloramphenicol 20 min after heat induction of the 2ara phage halts further increase of arabinose isomerase activity in less than 30 sec. Figure 2 shows the kinetics of appearance of lysozyme and isomerase when initiation of RNA synthesis is blocked beginning 15 min after induction. This blockage was achieved by adding rifampicin, a drug which stops initiation but not elongation, of RNA chains by RNA polymerase (Umezawa et al., 1968; di Mauro et al., 1969) . Lysozyme synthesis stops within 2 rain after addition of rifampicin whereas isomerase synthesis continues for 7 min before stopping.
These results show that the isomerase gene is located 7 min "downstream" from a promoter under Q gene control. The continued synthesis of isomerase after rifampicin addition eliminates the possibility that polymerase molecules which have initiated at the Q-specific promoter generate appreciable secondary polymerase initiations at a site close to the arabinose operon. Hence it is likely that the lysozyme and isomerase genes share the same promoter.
INITIATION OF TRANSCRIPTION FOR PHAGE LYSOZYME AND ARABINOSE ISOMERASE
A necessary requirement for the lysozyme and isomerase genes to share the same promoter is that their messengers be initiated at the same time. This was found to be the case by blocking further messenger initiations with rifampicin at various times after induction in order to assay the amount of lysozyme and isomerase messenger initiated up to that time. Before the enzymes were assayed, time was allowed for full expression of messenger existing at the time of drug addition. Figure 3 shows the final yields of the two enzymes as a function of the time at which rifampiein was added. It can be seen that the kinetics of initiation of messenger RNAs coding for lysozyme and isomerase are the same, with initiations beginning 10 rain after phage induction. Within the one minute resolution of this experiment, commencement of initiation of lysozyme and isomerase messengers is simultaneous. Furthermore, the correspondence in the numbers of monomers synthesized indicates that most, if not all, of the polymerase initiations which lead to production of isomerase take place at the same time as the initiations leading to lysozyme synthesis.
A diagrammatic explanation of the kinetics experiments is presented in Fig. 4 . Since isomerase lags 5 min behind phage lysozyme, both in beginning its appearance and in ceasing further appearance after the addition of rifampicin, these genes are likely to be separated by a length of DNA requiring 5 rain of RNA polymerase transcription time. At a transcription rate of 40 nucleotides per see (Manor et al., 1969 ) the 5 rain transit time corresponds to 12,000 nucleotides, or about onequarter of the phage chromosome. This distance along the chromosome from the phage lysozyme gene places the arabinose isomerase gene near the normal location of the phage 2 gene G.
Our experiments do not by themselves rule out the possibility that isomerase messengers are initiated at a Q-specific promoter near 480 gene 1 (Sato et al., 1968) . However, the results of Herskowitz (1969) and Toussaint (1969) suggest that Q acts at only one promoter, located between genes Q and S. Therefore we believe that molecules of RNA polymerase initiate messenger synthesis at a location between genes Q and S, transcribe the A-R join, and proceed at high efficiency through genes A-J, substituted partly in the 2ara phage with E. coli DNA containing the arabinose operon. icin to give a final concentration of E 80 /~g/ml and shaken at 34 ~ until the end of the experiment at 35 min. All samples were then chilled and assayed for lysozyme and isomerase as described in the legend to Fig. 2 
DISCUSSION AND SUMMARY
The work presented here shows that the arabinose operon has been fused structurally and functionally with the late gene operon of the ~ara phage. In this position it retains its normal control, but it is also controlled by the phage late gene promoter located "upstream." The evidence leading to this conclusion is as follows: (a) the lysozyme and arabinose isomerase genes are under phage Q gene control; (b) there is a 5 rain lag between the initial appearances of lysozyme and isomerase; (c) after addition of rifampicin, lysozyme synthesis stops in 2 rain whereas isomerase synthesis continues for 7 rain; and (d) the kinetics of messenger initiation are identical for lysozyme and isomerase.
As shown in Fig. 2 , the absolute rates of synthesis of lysozyme and isomerase monomers are nearly the same. This suggests that most RNA polymerase molecules which transcribe the lysozyme gene continue on through the isomerase gene. Precise quantitation of this read-through is not possible because of the unknown efficiency of protein synthesis from different genes. Results of measurements on several E. coli operons (Brown et al., 1967; Morse and u 1968; Wilson and Hogness, 1969; Whitfield et al., 1970) suggest that comparable amounts of protein are often synthesized from genes of the same operon. However, the 20-fold ratio of coat protein to A protein or synthetase made by the RNA phage MS2 (Nathans et al., 1969) implies that some genes on a messenger molecule may be translated much more efficiently than others. In any case, it is clear that nowhere between the lysozyme and isomerase genes is there a terminator for RNA synthesis possessing 100% efficiency.
The absence of polarity in protein synthesis between the lysozyme and isomerase genes is very striking. The existence of a transcription or translation stop signal somewhere in the inserted E. coli DNA seems probable, particularly at the end of the arabinose C gene. In an analogous situation some form of highly polar termination probably does exist at the end of the i gene in the lac system (Reznikoff et al., 1969) . If the arabinose C gene, which precedes the arabinose isomerase gene, is oriented in the same direction as the arabinose operon, (Englesberg et al., 1969) , then either such a termination signal does not exist or else it does exist but termination has been inactivated as a consequence of phage growth. Such an inactivation function has been suggested for the product of the N gene of phage 2 (Roberts, 1969) , and we are doing experiments to study this possibility as well as to learn the actual orientation of the C geue.
it is surprising that the rate of lysozyme and isomerase synthesis is nearly constant with time for 45 rain. Since the phage lacks most structural genes, it would seem that the increasing amounts of unpackaged DNA would lead to an increasing rate of synthesis of these enzymes. Most likely then, the DNA synthesized later does not lead to increased rates of synthesis of these proteins because the phage late protein synthesis is already saturated 10 rain after induction.
The number of DNA molecules available for transcription can be estimated by comparing the rate of synthesis of arabinose isomerase after the heteroimmune infection, in which the prophage arabinose genes are not replicated, with the rate after induction of the ~ara phage in which multiple copies of the arabinose operon are synthesized. If the basal rate of isomerase synthesis is assigned a value of 1, the rate after heteroimmune infection is 10, and the rate after induction of the Xara phage is 400. Thus the effective number of DNA molecules available for transcription is ~oo = 40. This estimation is probably not affected by the fact that DNA is packaged in the heteroimmune experiment, but not in the induction experiment, because the LAMBDA-ARA PHAGE RNA TRANSCRIPTION 373 rate of synthesis of lysozyme is also linear after induction of a non-defective ~. Since many DNA molecules simultaneously serve as templates for late protein synthesis, each Q-specific promoter is functioning at a relatively low level compared with the synthesis level of a fully induced arabinose operon. That is, the cell with 40 copies of ~ara DNA available for transcription is synthesizing arabinose isomerase at a rate slightly greater than arabinose isomerase is Synthesized by a few fully induced arabinose operon. If this low level is not merely a reflection of saturation of the phage late protein synthesizing system, then gene amplification may be vital to phage late gene expression.
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